Abstract: evapotranspiration values (ET) are crucial for agriculture where estimates of water reserves available for crops are the basis for scheduling the time and intensity of irrigation, yield prognoses, etc. detailed evapotranspiration data are, therefore, of essential value. However, stations performing direct measurements of evapotranspiration are very scarcely distributed in poland, and for this reason the interpolation of data is necessarily biased. Hence, evapotranspiration values are calculated using indirect methods (usually empirical formulas).
Introduction
The second half of the 20 th century was a period of evident changes in climate conditions both on global and regional scales (ipcc 2007; kundzewicz, kowalczak 2008) . consequently, greater attention has been directed to issues related to droughts and water deficit, their causes, mitigation and response strategies. strategies aiming to solve water shortage problems have become important elements of research programmes and policies throughout the whole of europe. The water shortage problems have been addressed by, among others, the United nations convention to combat desertification in countries experiencing serious drought and/or desertification, particularly in africa (Un 1994) , and international legislation regulating the common framework for drought related actions (from the United nations). The signatory states of the convention are committed to prepare national action programmes to combat desertification and mitigate the effects of drought, incorporating, among other aspects, collection, analysis and exchange of information, scientific research, the technology of transfer, etc. The conclusions of analyses indicating a trend of increasing frequency of drought occur- (2005/2049(ini); 2008/2074(ini) ) and the report from the commission to the european parliament and the council (coM(2011)133). The report concerning drought management plans (coM(2008) 875 final) includes recommendations on operational plans for drought risk management in order to effectively prevent and mitigate the impact of water scarcity and drought on the natural environment and economy. changes in climate conditions have also occurred in poland. The currently observed warming was first noticed in the late 1970s and early 1980s (kożuchowski, Żmudzka 2001; Żmudzka 2004; Michalska 2010) . The most directly perceptible climate factor in the environment is air temperature. a statistically significant rise in air temperature was reflected in increased evaporation values in the early 1980s which showed upward trends for all synoptic stations in poland (with the exception of one station in central poland) (kępińska-kasprzak 2013) . Because of the poor water resources, the prevalence of drainage in land reclamation systems and relatively low precipitation, particu-larly in agricultural areas of central poland, knowledge of the actual water use for evapotranspiration is crucial for the monitoring of actual conditions, water resources planning, agrometeorological modelling and water use. evapotranspiration value is usually derived from empirical formulas which are only an approximation of real conditions. These equations allow for the determining of potential or reference evapotranspiration. in practice, the estimation of the evapotranspiration rate for a specific crop also requires the application of the proper crop coefficients (k c ) to estimate actual crop evapotranspiration (irmak, Haman 2003) . However, as pointed out by s. irmak in Evapotranspiration, the accurate estimation of evapotranspiration values is essential for the accurate determination of the components of hydrological balance. The knowledge of actual evapotranspiration values, therefore, is extremely important for the decision-making process and the adequate planning and management of water resources. The ability for real-time monitoring of changes in this parameter is of the utmost importance, especially in the context of agricultural drought monitoring. This can be accomplished with the application of remote sensing. The ongoing rapid development of remote sensing, easy access to information, constantly decreasing costs and near realtime data feeds, make satellite data a valuable source of input information for plant development stage assessment in operational services and also for agrometeorological models. Their additional advantage is information of high spatial resolution -at a range of 5-6 km (kępińska-kasprzak, struzik 2011). in the case of mathematical equations, the input data are provided by meteorological stations and requires the application of interpolation for large areas due to the relatively sparse network of weather stations in poland. solar radiation is the most important force modulating evapotranspiration. The previous eT products based on satellite data (e.g. Modis, avHrr) could not take into account the diurnal amount of solar radiation due to the low temporal availability of those data. in previous studies, solar radiation was measured on site (dąbrowska-zielińska et al. 2011) or determined from meteorological observations (Mu et al. 2013) . cloudiness is also an important factor limiting less frequent observations of vegetation states from polar orbit, when compared to geostationary orbit. The Land saF eT product is the first such product using the temporal variation of solar radiation, due to use of a geostationary satellite. Good agreement between reference and actual eT in the periods and areas with favourable conditions is confirmation of the correct approach, with the model using satellite data as selected inputs.
comparison of the Land-saF actual eT product to the measured or evaluated actual eT in poland is unfortunately difficult. due to very inhomogeneous vegetation cover in the area of the satellite pixel (25-30 km 2 ), ground measurements performed by the lysimeters could be not representative. in fact, such measurements are not performed in iMwM-nri. The Fao recommended determination of actual eT (allen et al. 1998) , with the use of the crop k c coefficient, is almost impossible for the areas representing an entire satellite pixel. such analysis could be performed, either with high resolution satellite data or over really large homogeneous areas. The purpose of this paper is to study the feasibility and effectiveness of the simultaneous use of satellite data and ground-based measurements for a more precise assessment of spatial distribution of evapotranspiration for agricultural areas.
Area of investigation
The paper discusses the area of the wielkopolska region, located in central-west poland (Fig. 1) . The area covers ca. 300 00 km 2 and has a population of ca. 3.4 million. Most of the analysed territory is low plain (25-264 m a.s.l.). wielkopolska is located in the moderate climate zone with the significant influence of oceanic climate, the effects of which decrease towards the east. compared to other polish regions, wielkopolska is characterised by a relatively early onset of spring and summer and a rather short winter. The mean annual air temperature is ca. 8.0°c, with extremes of +38°c and -29°c. The growing season lasts ca. 220 days and is one of the longest in poland. precipitation values are low and have a high temporal variability. The mean annual precipitation totals are highest in the western parts of the region, amounting to 550 mm, with a decreasing tendency toward the east, where it drops locally below 500 mm. The northern and southern parts of wielkopolska are characterised by slightly higher precipitation values. in the central part of the region, the mean monthly precipitation totals oscillate from ca. 75 mm in July to a little above 20 mm in February. snow cover lasts for ca. 40 days on average. a very adverse climate characteristic for agriculture is represented by periods with little or no rains that last for several weeks, and which recur every 2-3 years. during summer these periods are accompanied by sunny and warm weather, which leads to the development of atmospheric drought followed by soil moisture loss and hydrological drought. precipitation deficit is the cause of very poor water resources in the region. in eastern part of wielkopolska, the total annual runoff value is lower than 60 mm in some areas. in europe, lower values can only be found in the steppe zone around the Black sea and in the Hungarian Lowland.
despite moderate natural conditions, the agriculture in wielkopolska is very well developed compared to other regions of poland. it is characterised by advanced agricultural technologies, high yields and up-to-date production equipment. a comprehensive assessment and the possibility of monitoring those climate elements that impact water relations, evaporation value in particular, are of crucial importance for the region.
Research material and methods
The analysis was based on daily data for the two-year period from 1 January 2012 to 31 december 2013. in poland, the mean temperature in the year 2012 was 0.95°c higher than the average (calculated from the multiannual period . in the wielkopolska region, the mean temperature was 0.5-1.0°c higher, depending on the location. only three months (January, June and september) were normal and two (February and december) were slightly cooler than the average. The rest of the year was warmer, with an anomalously warm spring. The north part of wielkopolska was wet and anomalously wet, the central and southern parts were close to the norm (based on z. kaczorowska's classification). in 2013 the average temperature was 0.7°c higher for the whole poland. in the wielkopolska region only March was extremely cold (5.5°c less than the average). during four months (January, February, april, september) the mean monthly temperature was close to the average. The remaining months were slightly warmer, and warmer than the average calculated from the period 1971-2000. Year 2013 was wet, with January, February, May, June and september extremely so.
reference evapotranspiration (ET 0 ) was calculated using information from 14 synoptic stations operated by the institute of Meteorology and water Managementnational research institute (iMwM-nri), located in the wielkopolska region and its surrounding area (Fig. 1) . The input data included daily values of meteorological elements required to determine reference evapotranspiration, i.e. minimum and maximum air temperature, mean air humidity, wind speed and net radiation.
reference evapotranspiration (ET 0 ) is defined as the rate of evapotranspiration from a hypothetical reference crop (grass cover) with an assumed crop height of 0.12 m, a fixed surface resistance of 70 s m -1 and an albedo of 0.23, closely resembling the evapotranspiration from an extensive surface of green grass of uniform height, actively growing, well-watered, and completely shading the ground. The penman-Monteith method, recommended by Fao and icid (allen et al. 1998) , was used. an important feature of this method is its elasticity, i.e. the possibility to calculate the balance of the vertical flux of water at different time intervals (Lechnio 2005) , including a 24-hour period. also, the results obtained using the penman-Monteith method are characterised by high reliability (eitzinger et al. 2002) . The penman-Monteith equation (allen et al. 1998 ) is: 
The soil heat flux (G) is small compared to net radiation (allen et al. 1998) and is very often omitted in the farther calculations (kasperska-wołowicz, łabędzki 2004) .
reference evapotranspiration daily totals derived from the above formula for 14 weather stations were used to determine decadal (10-day period) and monthly ET 0 totals. These values allowed for the performance of detailed analysis of their annual variability and the spatial interpolation of the results. satellite remote sensing is the only method capable of providing wide-area coverage of environmental variables at economically affordable costs. The major difficulty in the use of remote sensing for the monitoring of the actual 
(1) evapotranspiration (ET a ) at regional and global scales is that the phase change of water molecules produces neither emission nor absorption of an electromagnetic signal (keller et al. 2002) . Therefore, the actual evapotranspiration process is not directly quantifiable from satellite observations. The simplest empirical methods are only applicable locally, where they were calibrated. The product generated operationally by eUMeTsaT Land saF represents complex deterministic models, which compute the different components of the energy budget (Fig. 2) . The model is a simplified soil-vegetation-atmosphere Transfer (svaT) scheme that uses as its input a combination of remote-sensed data and atmospheric model outputs (Ghilan et al. 2011) . The inputs based on remote sensing are LsasaF products: the albedo (aL), the downwelling surface shortwave Flux (dssF) and the downwelling surface Longwave Flux (dsLF). depending on the location of the pixel, different types of vegetation can share the area. a decomposition of the pixel surface is done by considering the fraction fully covered by vegetation and the remaining fraction of bare soil for each area of land cover. The considered smaller homogeneous entities (vegetation or bare soil) are called "tiles". The land cover types associated to tiles (grassland, crops, forests, bare soil, etc.), the respective coverage fraction and associated parameters are deduced from the ecocLiMap, a surface parameter global database at a 1 km resolution developed by MeTeo-France (Masson et al. 2003) . it is well suited for use in svaT schemes embedded in meteorological and climate models at all horizontal scales. Then, the set of equations of the model is solved for each tile before spatially averaging at the pixel level. They are available with the spatial resolution of the MsG seviri instrument. The MeT algorithm is an energy balance model aiming to compute, for each tile i in the considered pixel, the partition of net radiation (R ni ), sensible heat flux (H i ), latent heat flux (LE i ) and heat conduction flux into the ground (G i ) according to:
in the calculation of individual components of the model, satellite data are used for:
• Lai (Leaf area index) and dssF are used for stomatal resistance determination; • albedo, dssF and dsLF are used for determination of the net radiation at the surface; • soil heat flux is determined using parameterisation based on Msavi (Modified soil adjusted vegetation index); • surface parameters (ecocLiMap) are determined with the use of the satellite data.
The calculated ET a is distributed in near real-time by the eUMeTcast system. The covered area is a hemisphere visible from a 0 deg. geostationary satellite position, divided into continental products. products are available in time steps of 30 min (instantaneous value) and 24 hours (cumulated value). The spatial resolution is a MsG/seviri (Meteosat second Generation/spinning enhanced visible and infrared imager) pixel, with a size of approx. 5-6 km over the area of poland. The physical value represented by the product is the spatial distribution of actual evapotranspiration ET a (Un 1994) . The validation performed by Land saF shows that the model is able to reproduce the observed eT temporal evolution from the diurnal to annual time scales for the temperate climate zones: the mean bias is less than 0.02 mm/h and the root-mean square error is between 0.06 and 0.10 mm/h (eUMeTsaT 2010). The values of actual evapotranspiration are extracted operationally at iMwM-nri for the whole area of poland. in this study, the analysis is focused on the area located between latitudes 51°20'n and 53°n and longitudes 16°e and 19°e. The area includes the entire wielkopolska region, with the exception of its northernmost part. daily totals of the actual evapotranspiration were calculated for this test site on a grid represented by MsG/seviri radiometer resolution and individually for each synoptic station marked in Fig. 1 .
The application of these methods resulted in daily, decadal and monthly series of total values for reference evapotranspiration and actual evapotranspiration for the analysed stations. This allowed for the determining of a linear relationship (correlation) between corresponding values of reference and actual evapotranspiration. The differences between reference and actual evapotranspiration values were also analysed, as well as their temporal and spatial distribution. The causes of any potential differences were also identified. Furthermore, relationships between given soil moisture values at different depths and values of reference evapotranspiration and actual evapotranspiration were examined. soil moisture (sM) analysis was based on data provided by eUMeTsaT H-saF (satellite application Facility in support to operational Hydrology and water Manage- The datasets used in this analysis have different spatial resolutions: ET a -5-6 km, soil moisture -25 km, point calculation of ET 0 are based on meteorological parameters recorded at the station. The problem of resolution is minimized in the analysis performed for the whole area. in the analysis of temporal variation of ET a , ET 0 and soil moisture, the nearest pixels of satellite products were used.
Results
analysis of the linear relationship between corresponding values of reference and actual evapotranspiration showed that there is a very strong correlation between reference and actual evapotranspiration total values at the significance level of α = 0.001 (Table 1) . However, ET a retrieved with the use of satellite data is generally lower. a much better agreement was obtained for synop stations located far away from large cities. This is a consequence of a relatively large satellite pixel (approx. 6 km on this area) and tiles of land use types, used in the LandsaF product (Ghilain et al. 2011) . in the case of urbanised and industrial terrain, evapotranspiration is significantly reduced. The penman-Monteith method assumes the presence of grass cover over the whole area.
To avoid the effects of the synop stations' locationsunfortunately in many cases close to cities -spatial distribution of ET was generated for both reference evapotranspiration retrieved from ground observations and actual evapotranspiration retrieved with the use of satellite data. interpolation was carried out on the Transverse-Mercator projection, making the estimation of the aerial volume of ET for each day possible. examples of ET spatial distribution, retrieved by two selected methods, are presented in Fig. 3 . General agreement between these two datasets can be observed. The satellite product, due to the better resolution and incorporation of land use type in the retrieval method, has a more detailed structure.
The temporal course of the retrieved ET volume for the whole test site area is presented in Fig. 4 . Good agreement of the two products can be observed. actual ET a is slightly lower than reference ET 0 , especially in dry periods.
The analysis of daily totals of reference and actual evapotranspiration showed that ET a values are lower than ET 0 values for all synoptic stations. reversed cases were noted mostly in winter (november to mid-March) but are among only a few exceptions, since generally, in the cold season, ET 0 daily totals were higher than ET a . This is especially well seen at the periods with frozen soil, when Land saF products taking into account liquid water available in the root zone is significantly, sometimes quickly, reduced (even to zero value). in the winter time, during prolonged negative temperatures, both of the two upper layers are frozen, leading to a decrease of sM1 and sM2 parameters in affected areas. Mapping the deepness of frozen soil is of additional value for those products. consequently, the decadal evaporation totals show that ET 0 values are higher than ET a in almost all cases (sample comparison The highest differences between ET 0 and ET a values were observed at all stations in the period from april to mid-september, i.e. during growing season. Table 2 shows a correlation between ET 0 and ET a in growing seasons in the analysed period of 2012-2013.
The growing season in 2013 is characterised by a slightly higher correlation between ET 0 and ET a than in 2012 season. This probably resulted from the fact that the growing season in 2013 was wetter due to higher precipitation. The correlation for both growing seasons, strong at significance level of α = 0.001 for the majority of stations, shows, however, a slightly weaker relationship be- tween ET 0 and ET a during growing seasons than during an entire calendar year (see Table 1 ). This is explained by atmospheric droughts and water shortages noted in wielkopolska during growing seasons, particularly in the June -september period.
The analysis of outliers gives the most interesting results. The lowest value of correlation coefficient was found for the areas of kalisz (wMo station index no. 12435), and wieluń (wMo station index no. 12455). The location of synop stations and the nearest MsG/seviri pixel used for the retrieval of ET a in the satellite method overlaid on a corine Land cover map is shown in Fig. 6 . in the case of the kalisz area, the synop station is located within a large city area, unfortunately, and the nearest seviri pixel covers mainly urbanised and industrial areas. This is the source of significant differences between reference and actual eT (Fig. 7) , especially during high growing season.
all situations with a soil wetness index below 40% are well correlated with reduced actual ET a and a larger difference between reference and actual evapotranspiration. The winter case of low soil moisture index is related to frozen ground and the absence of liquid water.
For the second synop station, located in the wieluń area, a better agreement of reference and actual ET was found. The area covered by the nearest seviri pixel also contains an urbanised area, but agricultural land and some forest are also present. The most interesting periods are those when the differences are larger. when analysing the temporal (Fig. 8) .
Finally, the benefits of a good spatial resolution of ET a determined with the use of satellite data are illustrated. The annual amount of evapotranspiration was calculated for the analysed years of 2012 and 2013, using Land saF eT products for each 30 minutes. The results are presented in Fig. 9 . at first sight, they are similar for both years. areas with large water reservoirs, like szczecin estuary and Lake łebskie, are excluded from the analysis. Generally, the lowest values are recorded for urbanised areas, medium values are observed for large forest complexes, especially coniferous forest, and the largest values are recorded for agricultural areas. The difference in the annual amount of evapotranspiration between years 2013 and 2012 is presented below (Fig. 9) . significantly higher values were observed for 2013 in regions where drought is frequently observed. These regions cover parts of wielkopolskie, łódzkie, dolnośląskie and Lubuskie and the eastern part of Lubelskie. in these regions annual ET was 60-85 mm lower in 2012, when compared to 2013.
Conclusions
The values of reference evapotranspiration (ET 0 ) calculated using the penman-Monteith method and actual evapotranspiration (ET a ) derived using the satellite data showed a very strong correlation at the α = 0.001 significance level, and very similar daily, and consequently, decadal and monthly values.
Generally, daily, decadal and monthly totals of reference evapotranspiration are higher than the corresponding values of actual evapotranspiration, with a few exceptions during the winter season when ET 0 values are lower than ET a . The period during which ET 0 values are significantly higher than ET a is growing season. This is due to the fact that the penman-Monteith method assumes no shortage of soil water in the reference surface. However, in the analysed area, growing seasons are periods characterised by a precipitation deficit and relatively high air temperatures, which lead to atmospheric droughts and a reduction of evapotranspiration due to soil water content depletion.
Large differences between ET 0 and ET a also result from different land use in areas for which evapotranspiration totals are calculated. The penman-Monteith method deter- mines evapotranspiration from a surface covered by green grass of uniform height (0.12 m). The satellite product, on the other hand, by including data from the land cover base, provides a much better and more realistic representation of field conditions in comparison with the reference evapotranspiration.
as indicated in the introduction, the accurate estimation of evapotranspiration values is essential for agricultural science and practice, hydrology and water management. in recent years, the practice in all these branches of science and decision-making processes has been based on data calculated from equations, most frequently using the penman-Monteith formula, as far as evapotranspiration values are concerned. However, as demonstrated in this paper, the differences between the values of reference evapotranspiration (calculated using the penman-Monteith method) and actual evapotranspiration (derived from the satellite product) can be significant. in the case of the analysed wielkopolska region, the total magnitude of the differences in consecutive days for the entire area translates into thousands of cubic metres (see Fig. 4 ). The information on the amount of the evapotranspiration forms some of the most critical input data for further calculations of climatic water balance (cwB), which is calculated as the difference between the precipitation and the reference evapotranspiration (łabędzki, 2006) . climatic water balance is used for the assessment of water deficits or surpluses at different areas (Bac, rojek 1979; kuźniar 2010) . Therefore, cwB is a basic indicator of drought, especially at agricultural areas (łabędzki 2006) . The monitoring of changes in cwB values provides basic information for agrometeorological services and regional water bodies and allows for more proper water management. The problem takes on particular significance in regions affected by water deficit. Because the values of actual evapotranspiration derived from the "evapotranspiration" product are available in near real-time and meteorological conditions do not affect satellite images, and taking into account the high spatial differentiation of evapotranspiration, the application of satellite data for evapotranspiration assessment in catchment areas appears to be the most efficient and economically optimal method. work on perfecting the algorithm is still in progress and we can expect that future versions of the "evapotranspiration" product will provide estimates that are even closer to the actual evapotranspiration values.
The presented ET 0 -ET a relationships and the soil moisture retrieved by the H-saF product showed interesting relationships, especially for the soil wetness index in the upper two layers of soil. Further investigation is recommended, taking into account the sensitivity of the H-saF product to drought conditions on different land surface types (e.g. dense vegetation). acknowledgements all work presented in this paper was carried out within the cosT action es1106 Assessment of EUROpean AGRIculture WATer use and trade under climate change (eUro-aGriwaT). The main objective of the action is to deliver integrated methodologies and databases for the european-wide assessment of water use and trade associated to key food and energy crops at different spatial scales under current and future climate conditions. The paper presents the possibility of using satellite data as the information source for evapotranspiration values, which is one of the essential forms of data required for climatological and hydrological analysis. 
